A quantitative model was constructed to estimate the probability that a serving of food containing eggs produced on the island of Ireland is contaminated with Salmonella spp. The model is based on the prevalence of contaminated eggs at the time of lay and a set of parameters which describe the pooling of eggs in the home and in catering situations. Both external and internal contamination of the eggs by Salmonella spp. was considered. The model estimates that there is a 90% chance that the probability of a serving of food being contaminated is between 0.0043% and 0.038%. Sensitivity analysis demonstrated that egg prevalence drives this low probability and that, at the current level of egg prevalence at the time of lay, pooling of eggs has a minor effect. These results indicate the importance of maintaining the low prevalence of contaminated eggs at the time of lay to minimise the risk of human cases of salmonellosis from consumption of eggs.
Introduction
The role of eggs in the increase in human cases of Salmonella enteritidis reported in many countries in the 1980 90s is well acknowledged (Coyle et al., 1988; St Louis et al., 1988; Cowden et al., 1989a,b; de Louvois, 1993a,b) . Recent years have seen a decline in the reported incidence of human salmonellosis in the Republic of Ireland (Foyle et al., 2004) and in cases of S. Enteritidis PT4 in England and Wales (Anonymous, 2008b) , Scotland (Anonymous, 2007a) and Northern Ireland (NI) (Anonymous, 2008a) . This may be a reflection of the lower prevalences of eggs contaminated by Salmonella as demonstrated by recent surveys of eggs in the UK (Anonymous, 2004; Anonymous, 2007b; Elson et al., 2005) and the island of Ireland (Anonymous, 2003; Murchie et al., 2007) .
The reductions in the prevalence of eggs contaminated by Salmo nella coincide with the introduction of legislation, industry codes of practice and quality assurance schemes (Cogan and Humphrey, 2003) , which were introduced in the late 1990s in both the UK and Ireland to achieve this end. Throughout the European Union, including the Republic of Ireland and NI, the control of Salmonella spp. in the egg production chain is governed by the European Union Zoonoses Directive (Council Directive 92/117/EEC). In the Republic of Ireland the directive is transposed into Irish law as S.I. No. 2 of 1996 (Anonymous, 1996) under which all hatcheries, poultry breeder farms and laying flocks are monitored for Salmonella spp. and any flocks confirmed with S. enteritidis or S. typhimurium are slaughtered. In addition, both feed materials and feedstuffs for poultry are tested for Salmonella spp. Treatment of laying flocks with vaccines, antibiotics or competitive exclusion type products is forbidden.
In addition to the Directive, voluntary schemes are operated in both the Republic of Ireland and NI. In NI, the Lion Quality code of practice, which requires the vaccination of commercial layer flocks against S. enteritidis, has been widely adopted (Anon, 2009) , with approximately 85% of UK egg production covered by the scheme. The Bord Bia Egg Quality Assurance Scheme is a voluntary programme in the Republic of Ireland which incorporates additional Salmonella spp. controls to those specified in legislation. The scheme reiterates the ban on the treatment of laying flocks with vaccines, antibiotics or competitive exclusion type products, hence the scheme differs significantly from that employed in NI.
Although different control strategies are employed in NI and the Republic of Ireland a survey of eggs produced on the island of Ireland found no statistically significant difference in the prevalence of salmonellae in eggs produced under the two regimes (Murchie et al., 2007) and that the prevalence was very low in both jurisdictions. These results seem to indicate that the measures employed in the two jurisdictions are equally effective in the control of Salmonella spp. in eggs.
In recent years, microbiological risk assessment (MRA) has become an important tool in the management of food borne hazards. Assessments have been undertaken for Campylobacter (Hartnett et al., 2002; Rosenquist et al., 2003) , Salmonella (Whiting & Buchanan, 1997; Whiting et al., 2000; Anonymous, 2002a; Hope et al., 2002) , Listeria monocytogenes (Sanaa et al., 2004 )a n dEscherichia coli O157:H7 (Cassin et al., 1998) among others. To assess the risk posed by Salmonella spp. in eggs on the island of Ireland, two exposure assessments were deemed necessary. Firstly, a qualitative exposure assessment, to provide initial guidance to risk managers on the probability of exposure to, and probable levels of, Salmonella in egg containing foods was completed (Murchie et al., 2008) . Secondly, a quantitative assessment was undertaken, with the primary aim of investigating the effects of changes to some of the parameters that had been identified as important in driving the qualitative probability of exposure. In this paper, we present the quantitative model and the effects of changes to the key parameters.
Materials and methods

Model overview
The assessment estimates the probability that a random serving of an egg containing meal is contaminated with Salmonella (P serv ). The same pathway as that used in the qualitative assessment of Murchie et al. (2008) is considered and thus covers three stages:
(a) production and packing (b) distribution and storage (c) preparation and consumption The probability P serv was estimated from the prevalence of contaminated eggs at the time of lay, modified to account for possible pooling of eggs when they are prepared for consumption. It was assumed that there would be several consumption pathways, as outlined by Murchie et al. (2008) . Some of these pathways would result in complete removal of Salmonella, e.g. complete removal as a result of adequate cooking. Due to the fact that consumption pathway data for the island of Ireland were very limited, it was decided not to model the pathways individually and instead to consider the "average" situation. By doing this, the effect of prevalence reduction is removed and thus was not modelled. This may result in an over estimate of prevalence compared to the situation where pathways are modelled individually.
The model relates to eggs produced on the island of Ireland only; imported eggs are not included. Uncertainty is incorporated in model inputs and thus outputs take the form of probability distributions. Monte Carlo simulation (10,000 iterations) using the software package @RISK (© Palisade), was used to generate the probability distributions.
Prevalence of contaminated eggs
The model commences with estimation of the prevalence of Salmonella spp. in shell eggs at the time of lay. The estimate is based on data obtained from a survey of eggs produced on the island of Ireland conducted from March 2005 to April 2006 (Murchie et al., 2007) . The survey reported a low prevalence of Salmonella,w i t h only two of 5018 samples of six eggs being positive. Both isolates were obtained from the shells of eggs only; no contents were found to contain Salmonella. The risk associated with Salmonella on the shells of eggs was not modelled explicitly; prevalence of Salmonella was estimated from the level of egg contamination reported, which included shell contamination. This therefore over estimated the prevalence.
The probability that an individual sample of six pooled eggs (the sampling unit tested in the egg survey) is positive for Salmonella (P)is calculated from Eq. (1)
where X is the number of positive samples and N is the number of samples tested. Assuming a binomial process for sampling, and that each egg is independent and has the same probability of being contaminated, the probability of all K eggs in a pool being negative is given by Eq. (2)
where P egg is the probability that an individual egg is positive. The probability that an individual pooled sample is positive is therefore given by Eq. (3)
Equating Eqs. (1) and (3) and re arranging gives
A beta distribution was used to describe the uncertainty associated with the estimate of sample prevalence. Therefore, using the survey data (Murchie et al., 2007) , the probability that an individual egg is contaminated is described by
with X =2, N = 5018, and K =6.
The effect of pooling
The practice of pooling eggs during food preparation can increase the probability of a serving being contaminated. Pooling refers to the mixing of several eggs together; the resulting mixture is then used to prepare multiple food servings. The presence of a single contaminated egg in the pool results in the contamination of all portions of food prepared from the pool. To account for this, the probability P egg was adjusted to give the probability P serv . It was assumed that this probability would not change during subsequent steps of the exposure pathway because cross contamination was not considered (hence no increase in prevalence) and at least one of the possible consumption pathways could involve uncooked eggs (hence, overall, no decrease in prevalence).
The likelihood of pooling depends on whether eggs are prepared at home or in catering situations. There are no data available on the proportions of eggs used in domestic as compared to catering settings for the island of Ireland, but in the Republic of Ireland and the UK (Anonymous, 2007b) it was estimated that approximately two thirds of shell eggs were destined for the retail market. These data suggest that the proportion of eggs consumed in domestic and catering situations are similar throughout the island of Ireland. This value was used to estimate the probability of an egg being prepared in the home, P home = 0.66. Pert distributions were used to define the probabilities of pooling in the home and in catering establishments, P hp = pert(0%,2%,10%) and P cp = pert (2%,5%,20%) , and the number of eggs pooled in the home when pooling occurs, N h = pert (2, 4, 12) . A uniform distribution was used to estimate the number of eggs pooled in catering establishments when eggs are pooled, N c =uniform (6, 48) . Pooling data were not available for the island of Ireland; the parameters of the pert and uniform distributions were those used in the MRA developed by USDA FSIS (Anonymous, 1998) .
When an individual egg is pooled, the number of contaminated eggs in the pool was assumed to follow a binomial distribution. Hence, the probabilities of the home and catering produced pools being contaminated with Salmonella are given by Eqs. (6) and (7) respectively
The probability P serv is then given by Eq. (8)
Sensitivity analysis
The qualitative exposure assessment concluded that there is a low probability of exposure to Salmonella spp. from consuming foods containing eggs produced on the island of Ireland. It also concluded that the negligible prevalence of contaminated eggs at the time of lay was important in keeping this probability low and that pooling was one factor that may increase the likelihood of exposure through the production chain. To investigate the effects of both prevalence at lay and pooling more thoroughly, we set all uncertain inputs to their mean values and then modified the parameters X, the number of positive samples in the egg survey, N h , the number of eggs pooled in the home and N c the number of eggs pooled in catering situations, as shown in Table 1 . For X, the range investigated has a maximum value equal to the number of samples tested in the egg survey, thus corresponding to 100% sample prevalence. For N h and N c the maximum values were arbitrarily chosen, extending just beyond the maximum of the pert distribution used for pooling in catering situations.
All parameters were initially modified individually from their baseline values and then the parameter X was modified in conjunction with N h and N c individually to determine the combined effects of prevalence and pooling. The combined effects were measured as the percentage increase in P serv over the range of N h and N c values.
Results
Baseline model
The probability density function (pdf) describing the uncertainty associated with P serv is illustrated in Fig. 1 . The mean value is 0.000169 and the median is 0.000151, so the distribution is slightly skewed. The 5th and 95th percentiles indicate that there is a 90% chance that between 0.0043% and 0.038% of food servings containing eggs produced on the island of Ireland will be contaminated with Salmonella spp. Fig. 2 illustrates the effect that the number of positive samples of six eggs has on P serv . The effect is initially linear and then there is an exponential increase in P serv from around 26% (when X = 4000) to 100% (when X = 5018).
Sensitivity analysis
In Fig. 3 , the baseline effects of the numbers of eggs pooled in the home and in catering situations on P serv are demonstrated for the current level of egg prevalence (X = 2); in both cases the effect is linear, when N h and N c are varied individually from one to 50. The absolute increases in P serv are very small e.g. if the number of eggs pooled in the home is increased from one (no pooling) to an unrealistic value of 50, P serv only increases by 0.00006. However, if the percentage increases over this range are considered, more noticeable effects are observed. Table 2 gives the percentage increases relative to the case when there is no pooling (N h and N c set to one); with the current level of positive egg prevalence, P serv increases by, respec tively, 59% and 107% as N h and N c are increased from one to 50 (Table 2 ). The effect of increasing the number of eggs pooled is reduced as the number of positive samples, and thus estimated positive egg prevalence, is increased; for X = 4000, which represents a positive egg prevalence of 26% (from Eq. (4)), the increase in P serv is only 6% and 7% for home and catering pooling respectively (Table 2) . Figs. 4 and 5 demonstrate the effects of pooling for higher positive egg prevalence (X = 1000 and X = 4000, respectively). As X increases, the effect of the number of eggs pooled on P serv becomes non linear; for very high prevalence adding additional eggs to the pool will not increase the likelihood of exposure. The most important effects occur when egg prevalence is at a "medium" level; for X = 1000, represent ing an egg prevalence of 4% (Eq. (4) and Table 2 ), P serv increases by, respectively, 32% and 49% when the number of eggs pooled in the home and in catering situations are increased from one to 50. The differences between the effects of pooling in the home and in catering situations also diminish as positive egg prevalence increases.
Discussion
The quantitative results presented here are in broad agreement with the qualitative exposure assessment for the same population and source of eggs (Murchie et al., 2008) : the probability of exposure to Salmonella spp. from consumption of eggs produced on the island of Ireland is low and the low prevalence of contaminated eggs is the key factor in maintaining this situation. The qualitative assessment also suggested that pooling was an additional important factor for exposure, however, the quantitative results indicate that, in the current situation, the effect is minor compared with the effect of egg prevalence; when egg prevalence is low, the resulting probability of contamination is low, irrespective of the number of eggs pooled, and Table 1 Parameter values used in the sensitivity analysis.
Parameter
Baseline value Range X 2 (value reported in egg survey) 1 to 5018 N h 5 (mean of pert distribution) 1 to 50 N c 27 (mean of pert distribution) 1 to 50 Fig. 1 . Probability density function describing the uncertainty associated with the probability that a serving of food containing eggs produced on the island of Ireland is contaminated with Salmonella.
when egg prevalence is high, the resulting probability of contamina tion is also high and changes very slightly as the number of eggs pooled is increased. Egg prevalence can therefore currently be used as a good indicator of the likelihood of exposure. It is worth noting, however, that were egg prevalence to increase to a "medium" level, pooling would become more important. As suggested by CAC (1999), exposure assessments should provide an estimate of the probability of exposure and an estimate of the number of organisms to which a consumer is exposed. The number of organisms ingested can be estimated by modelling changes in the number per egg/serving from the point of lay until the time of consumption. Changes will be determined by growth and decline, both of which will depend on time and temperature profiles. In addition, different preparation methods will influence numbers, for example, whether the eggs are eaten as an egg meal or as ingredients to other food products. Detailed modelling of the Salmonella exposure pathway for eggs has been undertaken by FAO/WHO (Anonymous, 2002a) . This full MRA was based mainly on North American data. We were unable to obtain access to equivalent time/temperature and preparation data for the island of Ireland and therefore we did not update the FAO/WHO estimates to obtain a full MRA for the island of Ireland. Given the current low level of prevalence at the time of lay, it is unlikely that these factors would influence the conclusions generated from this simple parsimonious model; attempting to model them without data would only add unnecessary uncertainty.
We did, however, use the FAO/WHO model to obtain an idea of the order of magnitude of the numbers to which consumers would be exposed: the suggested level was between 1 and 2 organisms per serving, on average. Using this level in the dose response model proposed by FAO/WHO (Anonymous, 2002a) and combining the result with our estimated average value of P serv suggests that the risk of illness per consumption event would be around 0.000002%. The low value of P serv has a large effect on this risk.
The estimation of prevalence in Eq. (4) is based on the sampling framework used in the egg survey from which the prevalence data were obtained (Murchie et al., 2007) . In the survey, the sampling unit Fig. 3 . Effects of the number of eggs pooled at home (N h ) and in catering situations (N c ) on the probability a serving is contaminated (P serv ) with the number of positive samples X=2. Fig. 2 . Effect of the number of positive samples (X) on the probability a serving is contaminated (P serv ). Table 2 The combined effects of the number of positive samples (X) and the number of eggs pooled at home (N h ) and in catering situations (N c ) on the probability of exposure (P serv ); N h is varied over the range (1, 50) while N c is set at 27 and N c is varied over the range (1, 50) was six pooled eggs and the corresponding egg prevalence for which the exponential increase in P serv begins is around 26% (X = 4000 in Eq. (4)). This phase of exponential increase will not provide reliable predictions for P egg and thus P serv because the biological relevance will be lost; for example if X = 5018, P egg is 100%, which will not be true if some eggs in the pool of six are not contaminated. The exponential phase will be shorter, and thus the predictions more accurate, for smaller values of the sample pool size (K). In addition, the model assumes that eggs in the pooled sample are independent. In cases of high prevalence, the assumption of independence is unlikely to hold. Although these limitations exist, they are only important under a high prevalence scenario and because prevalence is currently low, the model gives reliable predictions. Should an increase in prevalence be observed, it would be important to reformulate both the sampling strategy and the model. At the current low level of egg prevalence at the time of lay, pooling has a limited effect on the probability of a serving being contaminated. Were prevalence to increase, pooling would become more important, with the probability of contamination increasing as the number of eggs in the pool increases. However, should prevalence become very high, pooling would again become less important than prevalence at the time of lay. The probability model given by Eq. (8) assumes that the probability of exposure will not increase or decrease throughout the egg production chain. Increases in prevalence may occur due to organisms present on the shell penetrating to egg contents, and from cross contamination during preparation, while decreases will result from adequate cooking. Given the current low prevalence of contaminated eggs, it is unlikely that these factors will have any significant effect on exposure. However, should prevalence increase, it would be important to include these factors. To do this would require preparation data specific to the island of Ireland. Such data are not currently available and thus any more complicated model would include much more uncertainty.
Only eggs laid and produced on the island of Ireland were considered in this probability model as the assessment is based on production and prevalence data for NI and the Republic of Ireland. The true estimate of P serv may therefore be higher when considering the total consumption of eggs on the island of Ireland, as a minority of these eggs may have originated from other countries. Eggs imported to the UK from certain EU countries have been found to have a higher prevalence of S. enteritidis (Little et al., 2006) and imported eggs have been linked to increases in the incidence of human Salmonella cases (Anonymous, 2002b) .
In conclusion, the probability model presented in this paper has demonstrated that consumers of eggs produced on the island of Ireland have around a 0.01% chance of exposure to Salmonella each time they consume food containing eggs; their risk of illness will be much lower than this and is heavily influenced by the probability of exposure. It is important that all efforts are made to maintain the low prevalence of contaminated eggs and thus maintain this low level of exposure. Fig. 4 . Effects of the number of eggs pooled at home (N h ) and in catering situations (N c ) on the probability a serving is contaminated (P serv ) with the number of positive samples X = 1000. Fig. 5 . Effects of the number of eggs pooled at home (N h ) and in catering situations (N c ) on the probability a serving is contaminated (P serv ) with the number of positive samples X = 4000.
